Introduction
The human eye has the ability to see clearly objects placed at varying distances from it. This phenomenon was reported to have been first demonstrated by Scheiner 1, 2 in 1619, using a double pinhole. When a target was viewed monocularly through a double pinhole in a card, the target was seen singly. When a second target located closer to the eye than the first was viewed, the second target appeared double, requiring a change in the eye's dioptric power to see the second target singly. This classic experiment by Scheiner showed that the normal human eye cannot focus on a near and distant target simultaneously. A change in focus is required to see objects at varying fixation distances. According to Atchison and Charman 3 , Potterfield 4 in 1738 was credited with the term 'accommodation' to describe the focusing ability of the human eye over a range of distances.
In recent times, accommodation has been defined in various ways. According to Hofstetter et al. 5 and Ciuffreda, 6 accommodation is the process by which the dioptric power of the crystalline lens is increased to bring the image of a near object to focus on the retina. Keirl 7 described positive accommodation as referring to the increase in the dioptric power of the eye to focus from distance to near, and negative accommodation as referring to the decrease in dioptric power to focus from near to distance. Accommodation has also been described as 'focusing of the eye on a near object through relaxation of the ciliary muscle and thickening of the lens'. 8 Grosvenor 9 defines accommodation as 'the process by which the crystalline lens varies its focal length in response to changes in the vergence of incident light'. Glasser 10 defines accommodation as a 'dynamic, optical change in the dioptric power of the eye allowing the point of focus of the eye to be changed from distance to near objects'. These definitions are consistent in indicating that a change in the dioptric power of the crystalline lens is implicated in the process of accommodation.
Structural basis for accommodation
Historically, there have been various propositions regarding the anatomical structures and physiological processes that underpin the ability of the eye to adjust focus in order to see objects at varying distances. Ciuffreda 6 itemised some of the proposed mechanisms for the eye's ability to see objects at varying distances. Given that cornea curvature accounts for over 75% of the refractive power of the human eye, it was thought that a change in corneal curvature could account for this focusing ability. 6, 11 According to Atchison and Smith, 12 a 4 D accommodative response could be achieved by a reduction in corneal radius of curvature of about 0.7 mm or an increase in axial length of about 1.5 mm. Young 13 refuted this proposition by noting that when he immersed his eyes in water, thereby neutralising the refracting power of the eye, he was still able to elicit accommodation. Anterior axial movement of the crystalline lens has also been considered to play a role in the accommodative process. This notion of anterior axial movement of the crystalline lens during accommodation was attributed to Johannes Mueller, when he described the circular muscle of the iris in 1854. 14 Other anatomical actions that have been considered to play a role in accommodation include a change in the axial length of the eye, contraction of the pupil, and an increase in the depth of focus of the eye. 6 Even before the term 'accommodation' was coined by Potterfield in 1738, Descartes 15 had speculated that changes in the refractive power and shape of the crystalline lens might be responsible for the ability of the human eye to see objects at varying distances.
In his classic experiments, Thomas Young conclusively demonstrated, by inference, that the ability of the eye to adjust focus for varying distances results from an increase in the curvature of the crystalline lens. 13 While presenting the Bakerian Lecture before the Royal Society in 1801, Young (amongst other issues) discussed his experiments on the accommodation of the eye. In ruling out change in the curvature of the cornea, Young noted that a decrease of 19% in the curvature of the cornea would be needed to account for his 10 D amplitude of accommodation. Furthermore, he concluded that accommodation does not alter the shape and radius of curvature of the cornea, which he arrived at by observing that the size of the image reflected from the cornea (Purkinje image No I) does not change with accommodation. In addition, Young also reported the occurrence of accommodation when the corneal refractive power was neutralised by immersing the eye in water. To account for the 10 D of accommodation, Young calculated that there needed to be a 3.43 mm increase in axial length. However, he reported an experiment in which there was no noticeable change in axial length during active accommodation. 13 He thus ruled out the possibility of increase in axial length playing a role in accommodation. 6, 9 Consequently, by excluding other hypotheses for accommodation, Young suggested that the crystalline lens was in fact responsible for ocular accommodation. To substantiate this assertion, he reported that an aphakic eye could not accommodate for near distances. Although there were reports of accommodation being present in the socalled 'lensless' eye, 16, 17, 18 these assertions were regarded to be based on depth of focus and not accommodation.
Mechanism of accommodation
Having laid to rest the argument as to which anatomical structure is responsible for accommodation, following Young's classic experiment, the next stage was to establish the precise mechanism for accommodation. No doubt there were several explanations for the mechanism of accommodation. One notable early theory of the mechanism of accommodation was proposed by Cramer. 
Cramer's vitreous theory
Following Purkinje's discovery of the reflected images of a candle from the anterior and posterior surfaces of the crystalline lens in 1823, Cramer in 1853 measured the Purkinje image during accommodation 19 and noted that the image became smaller during accommodation. He further observed that the anterior surface of the crystalline lens became more convex whilst the posterior surface did not change in shape. Following his observation, Cramer proposed a theory for accommodation suggesting that, during accommodation, the ciliary muscle contraction acted on the choroid which in turn compressed the vitreous against the posterior crystalline lens. The iris resists the subsequent lens pressure, and the anterior surface of the crystalline lens in the pupillary area increases in curvature. This theory was refuted later when accommodation was demonstrated in a patient with aniridia. 20 The proposition, however, supported Young's conclusion that the crystalline lens was responsible for accommodation of the eye.
Subsequently, there were several explanations for the mechanism of accommodation; however, there are two classic and opposing theories of accommodation, one proposed by von Helmholtz in 1855 and the other by Tscherning in 1909. In the present paper, these two theories as well as recent theoretical propositions for the mechanism of accommodation which are more or less modifications of these two classic ones are reviewed.
Helmholtz's relaxation theory of accommodation
Helmholtz 21, 22 proposed his relaxation theory of accommodation utilising the change in the size of the Purkinje image on the anterior surface of the crystalline lens (similar to Cramer's experiment) to support the idea that the crystalline lens is indeed responsible for accommodation. He observed that when the eye is in the unaccommodated state and focused for distance, the ciliary muscle is relaxed and the elastic zonular fibres are in a state of tension, pulling the crystalline lens outwards at the equator and maintaining the lens in a somewhat flattened state. He further observed that during accommodation, the ciliary muscle contracts, causing a reduction in the zonular tension that allows for the increase in curvature of the crystalline lens, a decrease in its equatorial diameter, and increased lens thickness; an increase in the curvature of the anterior surface of the crystalline lens with only a small change in the curvature of the posterior surface of the crystalline lens; a forward movement of the anterior surface of the crystalline lens whilst the posterior surface showed no appreciable movement; and an increase of 0.5 mm in the axial thickness of the lens during accommodation. Given that the lens volume is constant, 23 Helmholtz concluded that the lens equatorial diameter decreased during accommodation. Helmholtz's relaxation theory of accommodation has received support and modifications from other researchers.
Gullstrand 24, 25 suggested that, besides capsular elasticity accounting for accommodation of the crystalline lens, there are changes in the intracapsular forces that contribute to the accommodative process. Gullstrand further modified Helmholtz's theory of accommodation to include the elastic force of the choroid as the restoring force to ciliary muscle contraction. 22 By noting that amplitude of accommodation was normal in aniridia, Fincham 20 debunked the role of the iris in Helmholtz's relaxation theory. He further observed that when the capsule of the crystalline lens was removed, the lens assumed its unaccommodated shape, and he concluded that the capsule was responsible for the elasticity of the crystalline lens. He concluded that during accommodation, the lens substance is moulded into an accommodated form by the elastic capsule. He also described the regional variation of the thickness of the lens capsule. He reported that the lens capsule was thicker at the peripheral surfaces than the central polar surface and showed how this variation allowed the lens poles to become steeper in curvature than the peripheral surfaces, such that the crystalline lens assumed a coniodal form. Fisher 26 and Fisher and Pettet 27 have questioned this regional variation as a possible mechanism for accommodation. The lens capsule did not have the thickness observed by Fincham until advancing age after the eye was capable of accommodation. 26 Fisher 26 also showed that the strength of the lens capsule and the intraocular pressure of the eye were not adequate to allow the changes in the crystalline lens to occur by this mechanism. There was also the question of the anterior crystalline lens surface bulging more than the posterior surface despite the anterior surface being thicker than the posterior surface. Coleman 28 suggested that the bulge of the posterior surface was countered by the vitreous, and hence the anterior lens surface would become more curved with accommodation than the posterior surface.
Studying the age dependence of the optomechanical responses of the human lens, Manns et al. 29 and Augusteyn et al. 30 concluded that their experimental findings were consistent with the theory of accommodation proposed by Helmholtz. 22 Experimental results from the two studies showed that the force required to de-accommodate the lens increases with age, which is consistent with the theory of presbyopia which is based on the Helmholtz theory. Wan and Ravi 31 derived a mathematical model to account for the Helmholtzian theory of accommodation. They stated that their results were consistent with the theory of accommodation proposed by Helmholtz, notwithstanding the assumptions made in deriving the model. Finite element modelling of a 30-year-old lens has also been used to provide evidence for Helmholtz's theory of accommodation. 32 Basing their model on the Helmholtz theory of accommodation, they demonstrated that the lens nucleus and cortex became stiffer with increasing age, thus requiring more force to reshape the lens to its unaccommodated state. Glasser et al. 33 showed that the diameter of the crystalline lens of monkeys decreased by as much as an average of 7.04% (similar to the 7.44% decrease reported by Wilson 34 in accordance with the mechanism of accommodation proposed by Helmholtz and in contrast with Tscherning's theory). Using magnetic resonance imaging (MRI) in young and older human emmetropic subjects, Kasthurirangan et al. 35 demonstrated accommodative changes in the crystalline lens that were consistent with Helmholtz's theory of accommodation. They showed an increase in lens thickness, a decrease in anterior chamber depth, a decrease in lens equatorial diameter, a decrease in the radius of curvature of the posterior lens surface, and a decrease in the ciliary ring diameter. Similar results were also obtained by Wilson 34 and Jones et al. 36 Wilson described a new technique with which he measured the diameter of the lens during accommodation. Using infrared retro-illumination video photography and pixel measurements, Wilson 34 showed that during accommodation there is a reduction in the lens diameter from an average of 524 pixel units in the relaxed eye to 485 pixel units during accommodation. Similarly, Jones et al. 36 using MRI showed that during accommodation there is an increase in lens thickness of 0.05 mm and a decrease in diameter of -0.067 mm per dioptre of accommodation. These findings are also consistent with Helmholtz's theory of accommodation.
Tscherning's zonular contraction theory
Completely disagreeing with Helmholtz's theory of accommodation, Tscherning 37 suggested an opposing theory. Tscherning used an ophthalmophacometer that he had constructed to observe the images formed on the anterior and posterior surface of the crystalline lens (Purkinje image III and IV). He proposed that ciliary muscle contraction increases the tension on the zonules, thereby altering the shape of the lens without changing its thickness or diameter 20, 37 (as cited by Strenk et al. 38 ). It was Tscherning's position that when the crystalline lens is removed from the eyeball, it is adjusted for distant vision and not accommodated as Helmholtz had suggested. With increasing evidence showing that the crystalline lens increases in diameter and thickness, Tscherning modified his theory and conceded that crystalline lens thickness increases during accommodation, but he held that ciliary muscle contraction causes increased zonular traction. According to the second theory, the zonular traction would cause the crystalline lens to become flattened at its periphery during accommodation, with an associated bulging of the central pupillary zone. He attributed this anterior bulge of the crystalline lens to the differential mechanical properties of the lens cortex and nucleus. 39, 40 Tscherning's theory was modified by Pflugk, who considered the role of the vitreous in the process of accommodation. 41, 42 Tscherning's theory that the diameter of the crystalline lens increases has been disproved by various investigators. Wilson 34 stated that Tscherning could not prove his theory of increased lens diameter in his lifetime. Wilson measured the diameter of the crystalline lens using infrared retroillumination video photography and found that the diameter of the lens decreases from an average of 524 to 485 pixel units in the unaccommodated and accommodated states respectively, representing a 7.44% decrease. He concluded that Tscherning's theory and all other theories which indicate that the lens diameter increases during accommodation are incorrect. Wilson and other researchers 20, 43, 44 have variously demonstrated that the diameter of the crystalline lens decreases during accommodation as proposed by Helmholtz, as opposed to Tscherning's theory. Additionally, Glasser et al. 33 showed a 7.04% decrease in the diameter of the crystalline lens during accommodation in Rhesus monkeys, which is inconsistent with Tscherning's theory. More recently, investigators 45 have reported a decrease in the diameter of the crystalline lens of 0.075 mm per dioptre of accommodation and a lens thickness increase of 0.064 mm per dioptre of accommodation. The role of the iris in helping to hold the anterior lens surface as suggested by the vitreous theorists 28, 41 has also been queried. Demonstrating that subjects with aniridia were capable of accommodating, Fincham 20 showed that the iris does not play any significant role in accommodation.
Coleman's theory of accommodation
Until the time that Coleman proposed his theory of the mechanism of accommodation, the two dominant theories have been the 'capsular' relaxation theory proposed by Helmholtz 21 and the vitreous lens (zonular contraction) theory originally proposed by Cramer 19 but described in details by Tscherning 37, 40 and Pflugk. 41 Given the lack of concurrence between these theories, Coleman 28 proposed a unified model for accommodation in 1970 which was referred to as the hydraulic suspension theory in 1986. 46 In suggesting this new theory of accommodation, Coleman outlined some of the pathophysiological features that could not be explained by Helmholtz's capsular theory. These included the (1) rapid functional reproducibility of the optical surfaces of the lens, and the associated time constants of accommodative hysteresis, (2) potentiation of accommodation by convergence, (3) presbyopic reduction of accommodation, (4) forward translational movement of the lens during accommodation, (5) ability of the zonular-ciliary body attachment to flatten the lens without support from the vitreous and (6) relationship of accommodation to the progression of myopia and glaucoma. 46, 47 In the original unified model, Coleman 28 argued that the vitreous prevents posterior polar movement of the crystalline lens. He described the vitreous as applying a force producing a change in catenary shape to the posterior lens surface, leading to changes in the anterior lens curvature. 28 Coleman 46 reported an experiment in which he demonstrated the increase in pressure in the vitreous when accommodation was stimulated with a concurrent decrease in pressure in the aqueous. He posited that the pressure differential between the vitreous and aqueous spaces acts as a hydraulic shift of the crystalline lens. He further showed that the aqueouscrystalline lens-vitreous system suspended by the zonular fibres could be likened to a catenary suspension. In this model, the release of tension on the zonular fibres (similar to the Helmholtz relaxation theory) will produce a steeper anterior lens curvature, with the vitreous resisting the posterior bulge of the lens.
Coleman's hydraulic suspension theory of accommodation is therefore an attempt to explain the respective roles played by the different anatomical structures involved in the accommodative mechanism. The model is consistent with a relaxed zonular fibre as postulated by the Helmholtz theory. In his model, Coleman stated that the ciliary body is the 'driving force for a predictable degree of accommodation' 46 and showed that his model explained certain physiological processes that could not otherwise be explained solely by the widely accepted Helmholtz capsular theory.
The role of the vitreous in accommodation has, however, been queried. 48 Fisher 48 showed figures to demonstrate that there was no significant difference in the amplitude of accommodation measured in an eye with an intact vitreous and one without the vitreous (the subject having had a complete vitrectomy in that eye following persistent vitreous haemorrhage). On the basis of this clinical finding, he concluded that the vitreous is not essential for ocular accommodation nor for the forward displacement of the anterior pole of the crystalline lens in humans.
Martin et al. 49 compared the results obtained using Coleman's hydraulic suspension theory of accommodation and Helmholtz's capsular theory to determine which of the two theories is more accurate in describing the mechanism of accommodation. They used finite element simulations of the lens and zonular fibres of 29-and 45-year-old subjects. The refractive power change during accommodation obtained was consistent with Helmholtz's theory but inconsistent with Coleman's. In their findings, simulation by applying pressure to the posterior lens surface according to Coleman's theory did not result in any change in accommodation and therefore was not essential for the accommodation process. In comparison, simulation using Helmholtz's theory resulted in amplitude of accommodation that was comparable in magnitude to the measured amplitude of accommodation in human eyes. They concluded that, given the limitations and simplistic assumptions of the simulations, Helmholtz's theory gives a more accurate description of human accommodation than that of Coleman's theory. Schachar 50, 51 proposed an alternative theory for the accommodative process that bore a resemblance to Tscherning's theory of accommodation. According to Schachar, the ciliary muscle contracts during accommodation, leading to an increase in the tension of the equatorial zonular fibres which causes the central surface of the crystalline lens to steepen (increased convexity), the anterior-posterior diameter of the crystalline lens to increase, and the peripheral surfaces of the crystalline lens to flatten. Schachar's theory is that the equatorial zonular fibres play a dominant role in accommodation whilst the anterior and posterior fibres are passive in terms of structural support of the lens. Schachar's theory appears to bear a resemblance to Tscherning's theory in that both suggest that there is increased zonular fibre tension following ciliary muscle contraction during accommodation.
Schachar's theory of accommodation
Schachar's theory is the basis for the surgical correction of presbyopia using sclera expansion rings 52, 53 and for which a USA patent has been issued. 54 Schachar and Bax 55 and other investigators 56 have used mathematical models to support this theory of accommodation. Using nonlinear finite element analysis, Schachar and Bax 55 and a more precise nonlinear differential equation model 56 showed that the equatorial zonular fibres are in a state of increased tension during ocular accommodation, thus supporting Schachar's theory. They further concluded that the long-held Helmholtz theory of accommodation is not tenable. The effects of equatorial traction on an encapsulated biconvex deformable structure that has elliptical profiles similar to the crystalline lens were further used to support this theory. 57, 58, 59, 60 In direct opposition to the Helmholtz theory of accommodation, Schachar continued to perform experiments to validate his theory of accommodation. Applying tension to freshly extracted human crystalline lenses, he reported the topography of the effects of this zonular tension. 61 He observed that zonular tension applied to the lens caused steepening of the central portion of the lens with peripheral flattening in accordance with his theory of accommodation, whilst zonular relaxation resulted in a central flattening and peripheral steepening of the crystalline lens -a clear opposite to what is predicted by Helmholtz's theory.
According to Schachar's theory, the lens equator is pulled towards the sclera by the increased equatorial zonular fibre tension. This position is not supported by Glasser and Kaufman 62 who performed in vivo experiments using both electrical and pharmacological agents to stimulate accommodation in primates, and showed that the lens equator moves away from the sclera during accommodation and not towards it. They also revealed a downward sag of the lens as a result of gravity during accommodation.
Conclusion
Regarding the controversy surrounding the mechanism of accommodation, Helmholtz is reported to have said in 1866 that 'there is no other subject in physiological optics about which so many antagonistic opinions have been entertained as concerning the accommodation of the eye'. 47 Given the various theories and the evidence supporting them, it appears that the debate on the mechanism of accommodation will continue until such time as imaging and other techniques are available to precisely study the accommodation process. Nevertheless, the Helmholtz theory is perhaps the most widely accepted mechanism for accommodation, despite the fact that it does not explain certain pathophysiological features associated with accommodation, such as the rapid functional reproducibility of the optical surfaces of the lens, and the associated time constants of accommodative hysteresis; the potentiating of accommodation by convergence; the presbyopic reduction of accommodation; the forward translational movement of the lens during accommodation; the ability of the zonularciliary body attachment to flatten the lens without support from the vitreous; and the relationship of accommodation to the progression of myopia and glaucoma.
